We explore planetary migration scenarios for formation of high inclination Neptune Trojans (NTs) and how they are affected by the planetary migration of Neptune and Uranus. If Neptune and Uranus's eccentricity and inclination were damped during planetary migration, then their eccentricities and inclinations were higher prior and during migration than their current values. Using test particle integrations we study the stability of primordial NTs, objects that were initially Trojans with Neptune prior to migration. We also study Trans-Neptunian objects captured into resonance with Neptune and becoming NTs during planet migration. We find that most primordial NTs were unstable and lost if eccentricity and inclination damping took place during planetary migration. With damping, secular resonances with Neptune can increase a low eccentricity and inclination population of Trans-Neptunian objects increasing the probability that they are captured into 1:1 resonance with Neptune, becoming high inclination NTs. We suggest that the resonant trapping scenario is a promising and more effective mechanism explaining the origin of NTs that is particularly effective if Uranus and Neptune experienced eccentricity and inclination damping during planetary migration.
INTRODUCTION
Trojans are planetesimals orbiting a central massive body near the stable Lagrange equilibrium points (L4 & L5) of another massive body, which may be a planet if the central object is a star, or a moon if the central object is a planet. Here we focus on Trojans with a planet in orbit around a star. Trojans have orbital period similar to that of their host planet and so are said to be corotating with the planet or in 1:1 resonance with the planet. Trojan asteroids have been discovered corotating with Jupiter (Fernandez et al. 2003; Grav et al. 2011) , Earth (Connors et al. 2011 ), Mars (de la Fuente Marcos & de la Fuente Marcos 2013; Scholl et al. 2005) , Uranus (Alexandersen et al. 2013 ) and Neptune (Sheppard & Trujillo 2010; Marzari et al. 2003) . As of Dec. 2015, 6,261 Jupiter Trojans have been identi-⋆ E-mail: chenyy@pmo.ac.cn † E-mail: yhma@pmo.ac.cn fied 1 , and this is the largest group of Trojans in the solar system. There are also several Trojan moons corotating with Saturn.
12 Neptune Trojans (NTs) have been found in all, including 9 moving around the L4 Lagrange point and 3 around L5. Their orbital parameters are listed in Table  1 . The orbital inclinations of 5 NTs are higher than 20
• . Sheppard & Trujillo (2006) corrected for the observatory regional bias for the three NTs that they discovered to estimate the ratio of high-to low-inclination orbits of the L4 Trojans, finding a ratio of nearly 4:1. Recently, Parker (2015) improved upon correcting for the detection bias as a function of inclination, eccentricity, and libration amplitude distributions and estimated a standard deviation for the NT inclinations of σi > 11
• at greater than 95% confidence level. The occurrence and high proportion of NTs with high inclinations should constrain dynamical formation mechanisms for NTs and so the orbital evolution of the giant planets. Nearly all researchers attribute the origin of highinclination orbits of the NTs to a resonant capture process where planetesimals in a trans-Neptunian disk are captured into 1:1 resonance during an early epoch of planetary orbit instability or migration, similar to mechanisms for the capture of Jovian Trojans into 1:1 resonance . Using several long timescale numerical simulations of the current giant planet configuration, Guan (2012) showed that low inclination NTs would be excited to high inclination in a very low efficiency. Kortenkamp et al. (2004) found that NTs were more dynamically stable when Neptune migrated at a slower rate (migration timescale τ = 10 6 yr). They also found that NTs could escape resonance when secondary mean motion resonances between Uranus and Neptune perturbed Neptune. Chiang & Lithwick (2005) discussed three origins of large NTs (radius ∼ 100 km) -pull-down capture, direct collision, and in situ accretion-and predicted that large NTs are likely to be located in a vertically thin disk. Using a series of simulations, Lykawka et al. (2009 Lykawka et al. ( , 2011 studied both the transport of primordial NTs and the capture of new NTs from a debris disk. They found that objects captured into resonance during migration could account for the orbital characteristics of the present-day NTs. Orbits of individual NTs have also been studied to place constraints on their stability and dynamical evolution . Nesvorny & Vokrouhlicky (2009) investigated the capture process of the NTs within the exact context of the Nice model. In their simulations, gravitational interactions between planetesimals and the planets induce the planetary migration. 27,028 equal-mass planetesimals are placed into the primordial Trans-neptunian disk, at semi-major axes from 21AU to 35AU and before Jupiter and Saturn enter the 1:2 mean motion resonance. After migration, the simulations exhibited a dynamically exited planetesimal disk consistent with the ∼ 4 : 1 ratio of high-to low-inclination population of NTs. Their model can more realistically simulate the evolution history to some extent. While the 1:2 MMR of Jupiter and Saturn is a chaotic phase, most evolution results may be so different from the current configuration that only a few cases are effective. Instead of computing planetesimal and planet gravitational interactions, Parker (2015) integrated the orbits of planetesimals while adding artificial forces to the planets causing them to migrate and damp in eccentricity. They set the characteristic timescale for eccentricity damping (3 × 10 5 yr) to be smaller than the migration timescale (10 6 ∼ 10 7 yr). Parker (2015) found that high inclinations of NTs arenot excited during the process of planetesimals captured but due to original high inclinations in trans-Neptunian disk. They also found that Planetesimals originally in high-inclination orbits are more easily captured into 1:1 resonance than planetesimals in low-inclination orbits (Nesvorny & Vokrouhlicky 2009) .
In this paper, we study the role of eccentricity and inclination damping of the ice giants (i.e. Uranus and Neptune) during planetary migration. We investigate the effects of the orbital damping on two populations of NTs: 1) Objects transported with Neptune that were primordial NTs, captured into 1:1 resonance prior to migration; 2) Objects originating in a trans-Neptunian disk that are trapped into 1:1 resonance during planetary migration. A detail of Nice model is that the giant planets went through a set of resonant scattering events that excited their eccentricities and inclinations (Nesvorny & Vokrouhlicky 2009 ). Subsequently dynamical friction and scattering of the remaining planetesimals slowly reduced or damped the eccentricities and inclinations of planets. Here we study the effect of eccentricity and inclination damping during migration of Uranus and Neptune, as they are the primary perturbers of the NTs. We study how this damping affects the capture and evolution of NTs.
There are four sections in this manuscript. In Section 2, we introduce the numerical model. Section 3 provides the main results, which include the primordial NTs that are transferred by the migrating Neptune and the NTs that are trapped from the trans-Neptunian disk. The last part is the conclusions and discussions.
MODELING PLANETARY MIGRATION AND ORBITAL DISSIPATION
Each of our simulations includes the four giant planets of the solar system and one massless test particles (the planetesimal). All planets migrate radially with migration rate set with force per unit mass (Zhou et al. 2002; Li et al. 2006) ∆r =v τ
where a f is the current semi-major axis of the planet and ai = a f − ∆a is the semi-major axis at the beginning of the simulation. We set the timescale τ = 10 6 yr and ∆a = −0.2, 0.8, 3.0, and 7.0 AU for Jupiter, Saturn, Uranus and Neptune, respectively, following Kortenkamp et al. (2004) .
We mimic the dissipation induced by gravitational interactions with planetesimals by applying smooth eccentricity-damping and inclination-damping forces to Neptune and Uranus. Our applied force per unit mass ae and ai are those used by Cresswell & Nelson (2008) ,
and
where k is the unit vector in the z -direction; r and v are the position and velocity vectors of the planets, respectively. Here te and ti are the eccentricity and inclination damping timescales. We set te = ti = τ = 10 6 yr in our simulations, based on the Nice model measurements by Levison et al. (2008) and Tsiganis et al. (2005) .
By substituting Equations (2) and (3) into Lagrange's equations, we find a rate of change of semi-major axis (migration rate)
rate of change of eccentricity
and inclination
The other orbital elements are not affected by these dissipative forces. As the migration rate (ȧ) depends on eccentricity, eccentricity damping affects the migration rate. With higher eccentricityȧ is lower. So that our simulations with and without eccentricity and inclination damping have the same migration rate at the beginning of the simulation, we have increased the final semi-major axis, a f , of Uranus and Neptune for the simulations with damping, see Table 2 . Initial semi-major axes, set by the conditions at the end of the Nice model, are the same for both sets of simulations. The initial eccentricities and inclinations of the four giant planets are set at representative values of their current mean values, except for the e0 and i0 values of Uranus and Neptune for the simulations with eccentricity and inclination damping. We used moderate initial values of eN,0 = 0.1 and iN,0 = 10
• , that were also used by Wolff et al. (2012) and Parker (2015) . An even higher value of iN,0 = 20 o has been used by studies on Uranus's obliquity (Boue & Laskar 2010) and the irregular satellites of Uranus (Parisi et al. 2008) .
Particle and planet orbits are numerically integrated using the MERCURY code (Chambers 1999) . Dissipation forces (Equations (1)- (3)) are added as non-gravitational forces to the planets. The hybrid symplectic integration algorithm is chosen to achieve moderate accuracy and increase the speed of calculation. For all simulations we used a time step of 200 days, which is approximately 1/20 of the orbital period of Jupiter. We simulate 1,000 small bodies in each Table 2 . Initial orbital elements of the four giant planets for our numerical integrations. Simulations are divided into two sets, those without eccentricity and inclination damping and those with eccentricity and inclination damping. The initial eccentricities and inclinations in the no-damping cases are those by Murray & Dermott (1999) . The final semi-major axes, a f , of Uranus and Neptune in the with-damping case have been adjusted so that the migration rates are similar at the beginning of the simulations. The other initial orbital elements (mean motion, argument of perihelion and longitude of the ascending node) are chosen arbitrarily. individual integration run since self-gravity among planetesimals is neglected. 300-400 CPU-hours is required per 1,000 particle run, with the exact time depending on the different numbers of small bodies that are scattered out of the system during the integration.
Models
In Figure 1 we show the evolution of semi-major axis, eccentricity and inclination of Uranus and Neptune from two of our integrations. The semi-major axis evolution for integrations with and without eccentricity and inclination damping are similar and the final planet eccentricities and inclinations approximate their current values.
NUMERICAL SIMULATIONS AND RESULTS
Test particles are initially placed near the stable L4 and L5 Lagrange points of Neptune. These particles begin the simulation corotating with Neptune and are used to study Figure 2 . Evolution of the orbital elements of a test particle initially corotating with Neptune and comparing evolution with and without eccentricity and inclination damping of Neptune and Uranus. From top to bottom we plot semi-major axis, eccentricity, inclination and the Neptune-particle 1:1 resonant angle ∆λ = λp − λ N versus time. The black lines in these panels shows the no-damping case, and the red lines the with-damping case. stability of NTs during migration and the inclination evolution of bodies that were captured into resonance prior to migration. We also run simulations with test particle initially placed outside of Neptune's orbit. These are used to study how particles are captured into the 1:1 resonance from the primordial Trans-Neptunian belt.
Examples of orbital evolution of particles initially corotating with Neptune
We select a corotating test particle initially near the L4 Lagrange point, and contrast the orbital element evolution with and without eccentricity and inclination damping of Neptune and Uranus. In Fig. 2 we plot semi-major axis, eccentricity, inclination and Neptune-particle 1:1 resonant angle ∆λ = λp − λN versus time. Here λ and λp are the mean longitudes of the particle and Neptune. With damping, both the eccentricity and inclination of the test particle increase. The increase in particle inclination and eccentricity occurs within 1 Myr when Neptune has a higher inclination and eccentricity in the simulation with damping than in the simulation without damping (see Figure 1 ). We attribute these increases to secular resonances with Neptune that are stronger when Neptune's inclination and eccentricity are higher. The excitation in eccentricity and inclination affect the particle's stability. The orbit converts from a tadpole orbit to a horseshoe orbit between 0.3 Myr and 1.2 Myr as seen by excursions of ∆λ during this interval. In contrast, the particle remains near the L4 point (with ∆λ librating about 60
• ) throughout the 10 Myr evolution in the no-damping case. Without eccentricity and inclination damping, the particle's eccentricity and inclination remain near their initial values. This example illustrates a dramatic difference in the orbital element evolution of the test particle that is due to eccentricity and inclination damping.
In Fig. 3 we illustrate the evolution of a different test particle placed initially near the L5 Lagrange point. With Neptune damping, the particle hops between the L4 and L5 points until it escapes from the 1:1 resonance with Neptune at approximately 4 Myr. Then Kozai oscillation (Kozai 1962; Chen et al. 2013 ) begins, and the particle maintains the same semi-major axis with Neptune. At ∼ 7.5 Myr, the test particle is scattered into a more distant orbit. The jumps in semi-major axis and eccentricity imply that the scattering is caused by high-order mean-motion resonances with Neptune. The orbital variation arise from the commensurability between the Neptune-Trojan 1:1 mean-motion resonance and Uranus-Neptune mean-motion near-resonance (Kortenkamp et al. 2004) , or secular resonances of giant planets (Dvorak et al. 2008; Zhou et al. 2009 ).
The stability of primordial NTs
We now study a distribution of primordial NTs, or test particles begun near L4 or L5 Lagrange points with Neptune. We consider how planetary migration could have affected the distribution of their orbital elements. A distribution of test particles is created with the following properties a = aN,0,
so that the particle is corotating with Neptune. Particles are chosen with mean longitude in two groups
and a uniform distribution used to select initial values for λ. Particles eccentricities and inclinations are chosen e : (0, 0.4) uniform distribution, 
We desire our initial particle distribution to be stable so we first run integrations including only gravitational forces with the four giant planets, neglecting migration and e/idamping. After 100,000 years of integration we chose 10,000 stable particles from the L4 region and the same number from the L5 region. We then ran numerical integrations for 10 7 yr now including orbital migration, with and without eccentricity and inclination damping. After these integrations we measure the number of remaining NTs (objects corating with Neptune) by counting the number of particles with |a − aN | < 2 AU and ∆λ
The numbers of remaining NTs in the no-damping and withdamping cases are listed in Table 3 , and their orbital element distributions are shown in Fig. 4 as solid lines. For the case with e/i damping of Uranus and Neptune, the primordial NTs are more unstable, and the number of remaining NTs is approximately 1/8 of that in the no-damping case (1,198 compared to 10,876) . A comparison of the inclination distributions (right two panels of Fig. 4) shows that high inclination NTs are particularly unstable and likely to be lost. There is a shift of the distribution of eccentricities between the two cases (comparing the dotted line with the solid line in the left-side bottom panel), which we are not sure about the probable reason.
We also compare the L4 eccentricity and inclination distributions to those at L5 in Fig. 5 . Objects are classified as stable using the criterion by Zhou et al. (2011) , who found that in the current solar system planetary configuration, there are three stable inclination regions
• )), with upper limits on eccentricity of 0.1, 0.12 and 0.04, respectively. Two of these regions are shown in Fig. 11 by gray areas. Of the objects remaining after orbital integration, the number of stable objects in L4 and L5 regions is also listed in Table 3 and drawn in Fig. 5 by dashed lines. The large value in Table 3 for the with-damping value of the ratio of objects (both stable and unstable) in L4 compared to L5, f45, is transient as the excess objects are primarily unstable. The ratio of estimated stable objects in L4 compared to L5, f45, is close to 1 with reasonable statistical fluctuations. Fig. 4 shows that the ratio of high-to low-inclination orbits is lower than the observed value of 4:1. We have modified the initial eccentricity and inclination distributions of the primordial NTs and find similar distributions, so the discrepancy in the ratio (between observed and shown in Figure 4 . Distribution of eccentricities and inclinations of the surviving primordial NTs before and after planet migration, in the no-damping case (top panels) and in the with-damping case (bottom panels). The dotted lines show the distributions of the remaining NTs before planets migrate but after 100,000 years of integration with the 4 giant planets using initial orbital elements listed in Table 2 . 
NTs captured during orbital migration
NTs could have originally been objects in the TransNeptunian belt that were captured into 1:1 resonance with Neptune during planetary migration. Although resonant capture is likely to be inefficient, this mechanism might be more efficient at high than low inclination (Lykawka et al. 2009 ).
In Fig. 6 we illustrate the orbital evolution of an ob- ject that is captured into the L4 region. Both the eccentricity and inclination are excited by secular resonances with Neptune before the test particle is captured at approximately 35,000 yr. Between 0.2 − 0.25 Myr, the inclination later increases to even higher values while eccentricity decreases. Because the argument of perihelion librates during this time we infer that the inclination increase is caused by Kozai resonance. According to the statistical studies by Nesvorny & Vokrouhlicky (2009) and Parker (2015) , higher eccentricity and inclination planetesimals are more easily trapped as NTs. So stirring-up or heating processes (secular resonances and the Kozai mechanisms) can indirectly increase the probability that objects are captured as NTs.
To estimate the likelihood that Trans-Neptunian objects are trapped as NTs we carried out a series of numerical integrations. Test particles are initially placed outside the orbit of primordial Neptune, from 23.7 AU (= aN,0 + a N,Hill ) to 32 AU, covering the range of semi-major axis covered by Neptune during its migration. Here a N,Hill is Neptune's Hill radius. Trapped Trojans are identified if they lie within |a − aN | < 2 AU and resonant angle ∆λ ∈ (0 • , 120
• ) during the last 1 Myr of the integration. Integrations were run for 10 7 yr. Initial eccentricities and inclinations were drawn from four different distributions: (ii) Normal distributions with means and standard deviations for eccentricity and inclination µe = 0, σe = 0.1, µi = 0, σi = 10
• . When drawing from the normal distribution we discarded negative values.
(iii) hot Rayleigh distributions with means µe = 0.2, µi = 0.1 radians (∼ 5.6
• ). (iv) cold Rayleigh distributions with means µe = 0.001, µi = 0.0005 radians (∼ 0.03
• )
The last two distributions are consistent with those estimated for the hot and cold primordial Kuiper Belt by Hahn & Malhotra (2005) . The four initial distributions of eccentricities and inclinations are shown in Fig. 7 . For initial uniform particle distributions (in eccentricity and inclination), Fig. 8 shows eccentricity and inclination distributions of the captured NTs after 10 7 yr of evolution. The number of captured NTs is listed as the first line in Table 4. A comparison of Fig. 8 with Fig. 4 shows that for both no-damping and with-damping migration cases, the fraction of captured NTs with high inclinations (20
• ∼ 40 • ) compared to those with low inclinations (i < 20
• ) is larger than that of seen in our primordial NT simulations. We find that NTs with high inclinations are more likely to originate from the resonant capture mechanism than be primordial NTs, which confirms the previous study by Lykawka et al. (2009) . The large high inclination fraction may be due to excitation by secular resonances with Neptune, the same process that causes instability in high inclination primordial NTs. As we drew from an initial uniform distribution, there are initially similar fractions of high-and low-inclination orbits, which causes that the secular resonances do not increase the fraction of high-inclination orbits, and so the numbers and final distributions in the no-damping and with-damping cases are similar. We also find that, the with-damping case gives more trapped Trojans from low inclination objects compared with the no-damping case (comparing the dot line in the rightside two panels in Fig. 8 ). This shows that more initially low-inclination planetesimals are excited to high-inclination orbits and captured into NTs in the with-damping case. Fig. 9 is a comparison of the number of trapped NTs in L4 and L5, with an initial uniform e, i distributions. We find there are similar numbers of captured NTs at L4 and L5, and that the orbital element distributions are also similar to each other.
The numbers of trapped NTs for the different initial inclination and eccentricity distributions are listed in Table  4 . The capture efficiency is higher in with-damping cases than no-damping cases for all initial distributions except the Figure 8 . Distribution of eccentricities and inclinations of captured NTs after planet migration, in the no-damping case (top panels) and in the with-damping case (bottom panels). The simulations shown here were done with an initial uniform eccentricity and inclination distribution. Neglecting objects that were not captured as NTs, the dotted lines denote the initial e/i distributions of only the objects identified as captured NTs. Figure 9 . Distribution of eccentricities and inclinations of captured NTs after planet migration around L4 and L5, in the nodamping case (top panels) and in the with-damping case (the bottom panels). Here initial particle eccentricities and inclinations were drawn from a uniform distribution. The black lines denote the distributions of NTs around L4, and the red lines denote those around L5.
uniform one. Furthermore, in with-damping case, the trapping efficiency is higher for the cold Rayleigh distribution than the hot Rayleigh distribution (263 vs 174), whereas in the no-damping cases, the situation is the opposite, i.e., the trapped NT number in the hot Rayleigh case is much higher in the with-damping case (109 vs 29). These phenomenons may also be attributed to secular resonance with Neptune before the test particles are captured into 1:1 resonance (Fig.  6 ). The fraction of low-inclination objects is larger than the fraction of high-inclination objects in the initial three distributions, except for the uniform one (Fig. 7) . Thus, secular excitation in with-damping cases increases the proportion of high-inclination orbits by turning low-inclination into high- inclination ones, which can enhance the capture efficiency (Nesvorny & Vokrouhlicky 2009; Parker 2015) . Specifically, secular excitation in with-damping cases boosts the capture planetesimals from the cold Rayleigh distribution condition by increasing the fraction of high-inclination orbits, meanwhile it suppresses the fraction captured from the hot Rayleigh distribution by causing instability in the highinclination objects. We show in Fig. 10 the cumulative distributions of final eccentricities and inclinations of trapped NTs for the different initial e, i distributions. Orbits all concentrate on the high eccentricity (inclination) part, as the situation shown in the uniform distribution (Fig. 8) .
Comparison with observed data in e − i space
NTs with high eccentricities and high inclinations are unstable dynamically under the current configuration of the solar system (Zhou et al. 2011) , consequently observed NTs with high inclinations have moderately low eccentricity (e < 0.1 for i > 20
• ). To compare our integrated eccentricity and inclination distributions with the observed distribution, we plot eccentricity versus inclination for all remaining and captured NTs in the with-damping cases (Fig. 11) . On this plot, stable regions computed by Zhou et al. (2011) are shown as rectangular gray areas. Though the number of captured high-inclination objects is larger than the number of captured low-inclination objects, most of the captured NTs are actually located in dynamically unstable regions, lying outside these gray areas.
The e, i distribution shown in Fig. 11 also has indications of secular resonance with Neptune. The color bar on the righthand side of Fig. 11 shows the semi-major axis of planetesimals at the time when they were captured into the 1:1 resonance with Neptune. The blue end of the color bar shows planetesimals that were trapped from the outer part of the trans-Neptunian disk. These experienced a long period of time when they were excited by secular resonances with Neptune before they were captured. Thus, most of them have high eccentricities and inclinations and are located on the top and righthand region of Fig. 11 .
DISCUSSION AND CONCLUSION
We have investigated how the orbital element distributions of NTs are affected by planetary migration, specifically on how orbital dissipation of Uranus and Neptune while they migrated affects the distributions. We find that orbital dissipation or damping of eccentricity and inclination of Uranus and Neptune during migration plays a crucial role in affecting the orbital distributions of NTs, for both primordial and captured NTs populations. For primordial NTs, the orbital dissipation causes instability, reducing the surviving fraction, from 0.54 to 0.06. The proportions of the remaining NTs with high inclinations (20
• − 40 • ) (compared to low inclinations) also decreases (Fig. 4) . For trapped NTs, secular resonances with Neptune are important due to the initial higher eccentricity and inclination of Neptune during migration. These resonances excite inclinations and eccentricities in the trans-Neptune disk objects before they are captured into 1:1 resonance with Neptune. Firstly, in a dynamically cold initial trans-Neptune disks objects initially at low inclination are excited by secular resonances and then dominate the population of high inclination captured NTs after migration. The trapping efficiency is enhanced by 224% for an initial normal e, i distributions, 160% in the hot Rayleigh initial distribution (µe = 0.2, µi = 0.1 radian), and 907% in the cold Rayleigh distribution condition (µe = 0.001, µi = 0.0005 radian), respectively where we are comparing simulations with-damping to those without. Secondly, the capture efficiency from the cold trans-Neptunian disk (cold Rayleigh distribution case, 263/100,000) exceeds that of the stirred-up disk (hot Rayleigh distribution case, 174/100,000) after considering the orbital dissipation of ice giants (i.e., with-damping cases). Thus, the orbital dissipation of Uranus and Neptune due to dynamical friction of planetesimal disks must be considered in future studies of the origins of the NT population.
The captured NTs population contains a larger number of objects at high eccentricity and high inclination than in our simulated primordial NT population, both in the withdamping case and in the no-damping case (Fig. 8) . Though the capture efficiency for the NTs trapped from the primordial trans-Neptune disk is much lower than the proportion of surviving primordial NTs, it is still possible that the ratio of high-inclination to low-inclination orbit of NTs approaches the observed value 4:1, because the trans-Neptune disk originally had many more planetesimals than were originally present as part of a primordial NT population.
We have compared the numbers and orbital element distributions of NTs around the two Lagrange points, L4 and L5, with Neptune. The orbital distributions of the NTs around L4 and L5 are similar for both the primordial and trapped NT populations. The capture efficiencies are also similar. There is a transient asymmetry at the end of the planetary migration for the primoridal NTs in the withdamping case (Table 3) . Our estimated number of stable trapped NTs is too small to make meaningful statistical conclusions.
Since the final planetary architecture in our simulations is not entirely consistent with the current architecture of the solar system, we do not continue the calculations after 10 7 yr. There are currently planetesimals passing through L4 and L5 regions with Neptune and collisions continue to change the number of trapped NTs. The number of NTs present at the end of our simulations at 10 7 years should be different from present today. Furthermore, most of our simulated trapped NTs with high inclinations also have high eccentricities (see also Lykawka et al. (2011)) , and these are unstable if integrated to a longer time. How trapped higheccentricities and high-inclinations NTs remain stable on long time scales remains a problem for future study.
